The type I copper center of amicyanin was replaced with a binuclear Cu A center. To create this model Cu A protein, a portion of the amino acid sequence that contains three of the ligands to the native type I copper center of Paracoccus denitrificans amicyanin was replaced with the corresponding portion of sequence that provides five ligands for the Cu A center of cytochrome c oxidase from P. denitrificans. UV-visible and electron paramagnetic resonance spectroscopy confirm that the engineered protein as isolated possesses the mixed-valence Cu 1.5 Cu 1.5 (purple) Cu A center. Comparison of the spectroscopic properties of this Cu A amicyanin with those of the Cu A centers of other natural and engineered Cu A proteins suggests that the spectroscopic features may be dictated more by the protein host than the sequence of the Cu A loop. Novel reactions for a simple Cu A model protein are also described. In contrast to other natural and engineered Cu A proteins, the fully reduced Cu A amicyanin may be reoxidized by molecular oxygen to the mixed-valence state. It is also shown that Cu A amicyanin can serve as an electron donor and an electron acceptor for other redox proteins. The mixed-valence form accepts electrons from cytochromes c-551i and c-550 from P. denitrificans. The fully reduced form donates electrons to native and P94F amicyanin. The function as either an electron donor or acceptor is consistent with the measured redox potential of Cu A amicyanin of ؉273 mV. These data indicate that this Cu A amicyanin will be a particularly useful model protein for structure-function studies of reactivity and the electron transfer properties of the Cu A redox center.
The Cu A redox center is naturally found in cytochrome c oxidase (COX) 1 (1) and nitrous oxide reductase (N 2 OR) (2). Spectroscopic (3-6) and x-ray crystallographic (7-9) studies have established the structural features of this copper center in these proteins. Cu A centers contain a conserved Cu 2 S 2 N 2 diamond core structure where the two copper ions are bridged by the thiolate sulfurs of two cysteine ligands, with each copper ion also coordinated to a histidine (Fig. 1) . The identity of the additional two ligands that complete the copper coordination varies depending upon the particular protein. The function of Cu A in its natural systems is to mediate electron transfer from cytochrome c to heme a in COX and from cytochrome c to Cu Z in N 2 OR. It is difficult to study the redox properties and reactivity of the Cu A center in its natural state because it is present in complex redox proteins with multiple redox-active metal centers. Study of the Cu A center has been advanced by the isolation of soluble Cu A -containing fragments of COX (10 -12) and an N 2 OR mutant (13) . Insight into the nature of the Cu A center has also been obtained from an engineered purple Cu A azurin (14, 15) . These engineered systems have allowed a more detailed characterization of the electronic and spectroscopic properties of these Cu A sites than was possible in the native proteins (16 -18) . However, there is virtually no information on the reactivity of these simplified model Cu A proteins with other redox proteins or biologically relevant molecules. It is desirable to develop a model Cu A protein that will also allow the study of interprotein electron transfer reactions to fully understand the relative influences of the Cu A core structure and protein environment on reactivity and electron transfer parameters.
The type I copper center is probably the best characterized of the protein-bound copper redox centers (19) , in large part because of the facility of working with small blue copper proteins such as azurin and plastocyanin. In Paracoccus denitrificans the type I copper protein amicyanin (20, 21) is an obligatory mediator of electron transfer from the tryptophan tryptophylquinone cofactor of methylamine dehydrogenase (MADH) (22) to soluble c-type cytochromes (23) . Each protein is induced in this bacterium during growth on methylamine as a carbon source (20, 23, 24) . The amicyanin gene is located immediately downstream of that for MADH, and inactivation of the former by gene replacement resulted in loss of the ability to grow on methylamine (25). In vivo, it appears that alternative cytochromes c may accept electrons from amicyanin (26) . In vitro, cytochrome c-551i is the most efficient acceptor for the amicyanin-mediated transfer of electrons from MADH (23) . The electron transfer reactions between MADH and amicyanin (27) (28) (29) (30) (31) and between amicyanin and cytochrome c-551i (32-34) have been extensively studied. A crystal structure of the MADHamicyanin-cytochrome c-551i electron transfer protein complex is also available (35) .
In this report the type I copper center of P. denitrificans amicyanin was replaced with a binuclear Cu A center. To create this model Cu A protein, a portion of the amino acid sequence that contains three of the ligands to the native type I copper center of P. denitrificans amicyanin was replaced with the corresponding portion of sequence that provides five of the ligands for the Cu A center of COX from P. denitrificans (Fig. 2) . The spectroscopic and redox properties of this Cu A amicyanin are compared with those of the Cu A centers of COX and N 2 OR and the engineered Cu A azurin. Novel reactions for a simple Cu A model protein are also described. It is shown that the fully reduced Cu A amicyanin may be reoxidized by molecular oxygen to the mixed-valence purple state. Such a reaction has not been described previously for a natural or engineered Cu A protein. It is also shown that Cu A amicyanin can serve as an electron donor and an electron acceptor for other redox proteins including the natural redox partner for native amicyanin, cytochrome c-551i from P. denitrificans, and the natural redox partner of COX, cytochrome c-550 from P. denitrificans. These data indicate that this Cu A amicyanin will be a particularly useful model protein for structure-function studies of reactivity and the electron transfer properties of the Cu A redox center.
EXPERIMENTAL PROCEDURES
Materials-Previously described procedures were used to purify MADH (36) , native amicyanin (20) , cytochrome c-550 (23) , and cytochrome c-551i (23) from P. denitrificans (ATCC 13543) and recombinant P94F amicyanin from E. coli (37) . Cu A amicyanin was prepared as described below. All reagents were obtained from commercial sources and used without further purification.
Construction, Expression, and Purification of Cu A Amicyanin-Sitedirected mutagenesis was performed to replace the sequence of amino acids separating Cys-92 and Met-98 of P. denitrificans amicyanin with the sequence of amino acids that separates Cys-216 and Met-227 in subunit II of P. denitrificans cytochrome c oxidase ( Table I ). The amicyanin gene, which had been cloned into pUC19 (pMEG201) (38) , was used as a template. The site-directed mutagenesis was performed with the Stratagene QuikChange kit with the primers listed below and their complementary sequences. The PCR protocol was modified by using the two-stage procedure of Wang and Malcom (39) . The protein engineering was accomplished in two mutagenesis steps. In the first mutagenesis the following primer was used: 5Ј-CCTATGACTATCACTGCTC-CGAGCTCTGCGGCCATCCCTTCATGCGCGGC-3Ј. This resulted in replacement of Thr-93 and Pro-94 with Ser-Glu-Leu-Cys-Gly. In the second mutagenesis the following primer was used: 5Ј-GCTCCGAGCT-GTGCGGCATCAACCATGCCTACATGCGCGGCAAGG-3Ј. This resulted in replacement of His-95-Phe-97 with Ile-Asn-His-Ala-Tyr. In each case the changes and additions that were introduced into the nucleotide sequence are underlined. The mutations were confirmed by DNA sequencing. The resulting gene was expressed in Escherichia coli BL21 cells. These cells were grown with LB medium supplemented with 300 M CuSO 4 at 37°C for 20 h. Synthesis of amicyanin via the lac promoter site on pMEG201 was induced by the addition of 300 M isopropyl-␤-D-thiogalactopyranoside. Cells were harvested 3 h after induction. Cu A amicyanin was purified from the periplasmic fraction, which was prepared from E. coli cells as described previously by a lysozyme-osmotic shock procedure (40) . After fractionation 500 M CuSO 4 was added to the periplasm. The extract was then applied to a DE-52 (Whatman) column in 10 mM Tris-HCl, pH 7.5, containing 100 M CuSO 4 . The column was eluted with this buffer and an increasing gradient of KCl. The Cu A amicyanin eluted from the column at ϳ70 mM KCl.
Determination of Oxidation-Reduction Midpoint Potential (E m ) Values-Absorption spectra were recorded with a Shimazu MultiSpec-1501 spectrophotometer. Extinction coefficients for visible absorption maxima were determined by titration with a solution of ascorbate that had been calibrated by reaction with redox-active compounds with known extinction coefficients. The E m value of Cu A amicyanin was determined by spectrochemical titration. The ambient potential was measured directly with a Corning combination redox electrode that was calibrated using quinhydrone (a 1:1 mixture of hydroquinone and benzoquinone) as a standard with an E m value of ϩ286 mV at pH 7.0 (41). The reaction mixture contained 90 M Cu A amicyanin in 0.01 M Tris-HCl, pH 7.0, 25°C. Either p-aminophenol (50 M) or potassium ferricyanide (15 M) was present as a mediator. The mixture was titrated by the addition of incremental amounts of ascorbate, which was used as a reductant. In the oxidative direction, titration by the addition of more potassium ferricyanide was performed. The absorption spectrum of Cu A amicyanin was recorded at different potentials, and the concentrations of the oxidized Cu A amicyanin and reduced Cu A amicyanin were determined by comparison with the spectra of the completely oxidized and reduced forms. E m values were obtained from plots of the data to the Nernst equation (Equation 1). A control experiment was performed to determine the E m value of native amicyanin under these same experimental conditions. The E m value that was obtained was within 2 mV of the previously reported value (42) .
Electron Paramagnetic Resonance (EPR) Spectroscopy-EPR first derivative spectra were collected at X-band microwave frequency with 100-kHz field modulation on a Bruker Elexsys E500 spectrometer. A calibrated frequency counter and a Bruker ER035 M NMR Gauss meter were used for the g-value determinations. The cryogenic temperature (2-60 K) measurements were achieved with an Oxford Instruments ESR-10 continuous flow liquid helium cryostat and a digitalized temperature controller. Spin quantitation was performed by double integration of the corresponding spectra recorded under non-saturating conditions at 20 K using a CuEDTA standard (1 mM) for calibration. The EPR parameters were analyzed using the EPR.EXE program written by Dr. Frank Neese (43) .
Oxygen Reactivity Measurements-To measure oxygen-dependent changes in the redox state of Cu A amicyanin, the protein was first reduced with ascorbate under anaerobic conditions and then exposed to room air. Anaerobic experiments were performed using a quartz cuvette fitted with an airtight rubber septum. The cuvette was connected by a Firestone rapid purge valve (Ace Glass) to a vacuum pump and a source of oxygen-free nitrogen. Using the valve it was possible to alternate cycles of evacuation and flushing of the cuvette with nitrogen 72 times immediately before each experiment.
RESULTS
Purification and Properties-Using the method described under "Experimental Procedures," the recombinant Cu A amicyanin was isolated from the freshly prepared periplasmic fraction of E. coli cells in a single chromatography step. The average yield was about 54 mg per 100 g wet weight of cells. The purified protein migrated as a single band with an apparent mass of 12,100 Da on SDS-PAGE. The purified protein, as isolated, was purple in color and exhibited visible absorption maxima at 360, 485, 530, and 780 nm, which are characteristic of the mixed-valence form of the Cu A redox center (Table II) 
FIG. 2. Loop structures of amicyanin (left panel) and COX (right panel).
Each loop is shown as a ribbon with the residues that provide ligands for the copper centers displayed. The numbering system corresponds to the P. denitrificans proteins. The coppers are indicated as black spheres. The coordinates used are from PDB files 1AAC for amicyanin (56) and 1AR1 for COX (9) .
EPR Spectroscopy-EPR spectroscopy was used to confirm the presence of a Cu A site and determine the unpaired electron structure of this redox center. The X-band EPR spectrum of Cu A has been reported and shows a distinct metal hyperfine structure coupling in the g ʈ region. A diagnostic seven-line narrow hyperfine pattern is often, but not always, seen near g ϭ 2.18 in the EPR signal arising from a Cu A center (Table  III) . The hyperfine interactions for the Cu A center from N 2 OR are resolved, whereas these are usually poorly or not resolved for the Cu A center from COX. Fig. 3A shows the EPR spectra of native amicyanin from P. denitrificans. Fig. 3B shows the EPR spectra the engineered Cu A -amicyanin, which exhibits a partially resolved EPR component with a g ʈ of 2.20, A ʈ of 3.6 millitesla and g Ќ of 2.05, which is consistent with a trapped valence state in engineered amicyanin with an implanted Cu A core fragment. The EPR signal arises from an S ϭ 1/2 center, which is the result of one unpaired electron interacting with two S ϭ 3/2 copper nuclei. This unusual binuclear center has previously been formulated as a mixed-valence Cu 1.5 Cu 1.5 center based on extensive biophysical and biochemical studies (3) (4) (5) (6) (15) (16) (17) (18) and subsequently confirmed by x-ray crystallography (7, 8, 44) . A copper species with a g ʈ of 2.223 and an A ʈ of 18 millitesla is present in both of the spectra and is likely due to adventitious binding of Cu(II) to a site distant from the active site. To gain the full metal content, Cu(II) was added to the buffer throughout the purification step (see "Experimental Procedures"). The observation of some adventitious binding of Cu(II) by EPR is not surprising since the sample was not rigorously dialyzed to ensure that the binuclear Cu A center could be maximally retained. Such an adventitious Cu(II) species has been reported in previous engineered Cu A studies, and the EPR spectra were presented with high microwave power parameters to saturate out the resonances arising from adventitious Cu(II).
Redox Properties-The E m value of Cu A amicyanin was determined by spectrochemical titration (Fig. 4) . The reduction of the purple Cu A amicyanin was monitored by the changes in absorbance at 485, 530, and 780 nm. The fit of the data to Equation 1 is shown in the inset of Fig. 4 . Analysis of the data yielded an E m value of ϩ273 Ϯ 2 mV and the value of n ϭ 1.2 Ϯ 0.1. The latter is consistent with the data describing the oneelectron interconversion of the mixed-valence and fully reduced forms of Cu A amicyanin.
Reactivity of Reduced Cu A Amicyanin with Oxygen-Native amicyanin is relatively inert toward O 2 in its reduced form. However, the Cu A amicyanin engineered in this work exhibited apparent O 2 reactivity. After anaerobic reduction by ascorbate, Cu A amicyanin was reoxidized on exposure to air. When Cu A amicyanin was stoichiometrically reduced by ascorbate under anaerobic conditions the visible absorbance at wavelengths greater than 440 nm was initially bleached. On exposure to air the visible absorption spectrum that is characteristic of the purple mixed-valence form returned (Fig. 5) . However, from the resulting spectrum it appeared that the protein had not been completely re-oxidized. When the same sample was made anaerobic and reduced by ascorbate for the second time the absorbance again was bleached, and on re-exposure to air the spectrum of the mixed-valence form again returned but again to a reduced level. Results such as this were qualitatively reproducible, although the exact levels of the extent of reoxidation varied from about 50 to 80% per cycle of reduction and reoxidation. Typically, the reduction-reoxidation cycle could be repeated 3-4 times with progressively decreasing levels of reoxidized protein until no reoxidation of the reduced protein was observed.
Redox Reactions with Other Proteins-Although the spectroscopic and electronic properties other engineered Cu A proteins have been described, there is essentially no information on the ability of engineered Cu A proteins to react with other redox proteins. The ability of Cu A amicyanin to react with its natural redox partners as well as other redox proteins was investigated. Amicyanin normally accepts one electron from MADH and donates it to cytochrome c-551i while in complex with MADH (32, 33) . The E m value of amicyanin when in complex with MADH is ϩ222 mV (42) . The E m value of amicyanin is dependent on complex formation with MADH and is ϩ282 mV when free in solution at pH 7.0 (42). Consequently, if MADH is not present, amicyanin will accept electrons from cytochrome c-551i (32) . In this study Cu A amicyanin was mixed in a 1:1 ratio with other redox proteins. When the purple form of Cu A amicyanin was mixed with reduced P. denitrificans cytochrome c-551i (E m ϭ ϩ190 mV (45)) complete oxidation of the cytochrome was observed (Fig. 6) . When the purple form of Cu A amicyanin was mixed with reduced P. denitrificans cytochrome c-550 (E m ϭ ϩ253 mV (45)) substantial but not complete oxidation of the cytochrome was observed (data not shown). The reduced Cu A amicyanin was also able to function as an electron donor in interprotein electron transfer. When the fully reduced form of Cu A amicyanin was mixed with native amicyanin (E m ϭ ϩ282 mV) partial reduction of the native amicyanin was observed. When the fully reduced form of Cu A amicyanin was mixed with a P94F mutant of amicyanin (E m ϭ ϩ415 mV (37)) complete reduction of P94F amicyanin was observed (data not shown). These results are consistent with the experimentally determined E m value of ϩ273 mV for Cu A amicyanin discussed earlier. Cu A amicyanin exhibited no redox reaction with MADH. This is most likely due to the inability of MADH to bind to Cu A amicyanin. In the native complex of MADH, amicyanin, and cytochrome c-551i (35, 46) , the site of interaction with MADH is in the region that has been structurally altered by the loop mutagenesis (residues 92-98). The crystal structure of the protein complex reveals van der Waals contacts between residues on MADH with residues His-93, His-95, and Phe-97 of amicyanin as well as a salt bridge involving Arg-99. Conversely, the binding site for cytochrome c-551i is at a different part of amicyanin distant from the site of loop mutagenesis (35) and should not be affected by the loop mutation. The ability of Cu A amicyanin to interact with native and P94F amicyanin is not physiologically relevant but it is expected and of potential interest since electron transfer self-exchange reactions of amicyanin have been characterized (47, 48) . 
DISCUSSION
Certain properties of Cu A amicyanin relative to those of other Cu A proteins merit discussion. Cu A amicyanin is unique for an engineered Cu A protein in that it may be isolated in the active mixed-valence purple form. In contrast, Cu A azurin is purified as an apoprotein and is reconstituted by the addition of copper at acidic pH (14) . The soluble Cu A binding domain of P. denitrificans COX that is expressed in E. coli is isolated in a form that must be denatured, refolded, and reconstituted with copper to yield the holoprotein (12) . Another Cu A amicyanin formed by introduction of the sequence from the Cu A binding mutant of cytochrome o-quinol oxidase into Thiobacillus versutus amicyanin was also isolated as a holoprotein (49) . Thus, there appears to be something about the amicyanin structure relative to that of azurin which facilitates the in vivo incorporation of copper into the engineered Cu A site.
Although the theoretical seven-line hyperfine pattern for Cu A is not completely resolved at the 9-G Hz frequency of the EPR spectrum (Fig. 3) , the resolution of the hyperfines more closely resembles that seen in the EPR spectra of N 2 OR, particularly the H583G mutant, than that of COX (50) . The nearinfrared band of the absorption spectrum at 780 nm is also more similar to that of N 2 OR (780 nm) than that of COX (808 nm) (see Table II ). These spectroscopic features of P. denitrificans Cu A amicyanin are also more similar to those of T. versutus Cu A amicyanin, which contains an engineered loop with the sequence from the Cu A binding mutant of cytochrome o-quinol oxidase (49) , than that of Cu A azurin, which contains the engineered loop with the sequence of P. denitrificans COX. Another distinguishing feature is the A 480 /A 530 ratio from their absorption spectra. For COX (51) and Cu A azurin (14) it is 1.15 and 1.13, respectively. For Cu A amicyanin it is 0.97. Interestingly, these data suggest that the subtleties of the spectroscopic features of the engineered Cu A proteins are dictated as much or more by the protein host than the sequence of the engineered loop.
The basis for the reactivity of reduced Cu A amicyanin with oxygen ( Fig. 5) is not known from these results, but it is interesting. Copper-dependent oxidases and oxygenases have been characterized. However, the Cu A centers in COX and N 2 OR do not react with oxygen. They function simply as electron transfer mediators. This reactivity with oxygen has not been reported for other Cu A model proteins either. This raises the questions of what is it about the structure of this Cu A amicyanin that facilitates this reaction and why the Cu A center in native proteins do not react with oxygen. It may be that the Cu A center of Cu A amicyanin is more exposed to solvent than in the other Cu A proteins. The observation of decreased levels of reoxidized protein after exposure of reduced Cu A amicyanin to air suggests the possibility of oxygen-dependent damage to the protein. The presence of superoxide scavengers during the reoxidation have no apparent effect on the level of recovery of reoxidized protein (data not shown). However, if a reactive oxygen species was being generated and reacting at the Cu A site, then the presence of an external scavenger of reactive oxygen species might not afford any protection. This would be the case if either the species reacted rapidly to modify the Cu A site or if the scavenger were not accessible to the Cu A site. These questions regarding solvent accessibility of the Cu A site and possible oxidative damage to the protein will be addressed in future mechanistic and structural studies. Furthermore, the finding that this loop mutagenesis has created a protein with a novel reactivity for the Cu A center suggests possible exploitation for engineering a new class of proteins.
The electron transfer properties of the Cu A redox center remain poorly understood. In the native Cu A proteins this may be attributed to the presence of multiple redox centers that interact with each other, making examination of the individual redox centers more difficult. The advantage of working with engineered Cu A proteins is that they possess only the single redox center. Although the spectroscopic and structural properties of Cu A azurin have been characterized in detail (14 -18,44) , there has been no investigation of its electron transfer properties in reactions with other redox proteins. Intramolecular electron transfer was studied in the Cu A azurin by monitoring the reaction between a disulfide radical anion that was produced by pulse radiolysis and the oxidized Cu A center (52) . It was found that the electron transfer rate was faster than that seen with the native azurin despite a less favorable redox potential difference. The enhanced rate was suggested to reflect a reduced reorganization energy for the Cu A site relative to the type I copper site. The results presented here indicate that it will be possible with Cu A amicyanin to examine the interprotein electron transfer reactions with other redox proteins including the natural redox partner of native P. denitrificans amicyanin, P. denitrificans cytochrome c-551i, and the natural redox partner of P. denitrificans COX, P. denitrificans cytochrome c-550. In contrast to the previously described model Cu A proteins, the Cu A amicyanin described here was constructed using the host protein and the loop sequence from a type I copper protein and Cu A protein from the same source, P. denitrificans. Thus, with this system one may directly compare the functions of the type I and binuclear copper centers within an identical protein matrix and with common redox partners from the same organism. It was possible in this study to both oxidize and reduce Cu A amicyanin with other proteins. Thus, it will be possible to examine electron transfer reactions to and from the Cu A center. By comparison with the electron transfer properties of native amicyanin, which have been well characterized, it will be possible to determine the relative affects of the electronic nature of the copper redox center and the host protein matrix in modulating rates of electron transfer to and from different copper centers. Thus, these results provide the foundation for future studies to elucidate subtleties of protein structure that determine the specific properties and reactivities of the Cu A redox center.
